Reactive oxygen species such as hydrogen peroxide (H202) have been shown to induce DNA strand breaks in a dose-dependent manner in a human bronchial epithelial cell line (BEAS-2B, S6 subclone) and in primary bronchial epithelial cells of nonhuman primates (3, 4) . Ozone (03) exposure in vivo of Fisher 344 rats induces single strand breaks (SSBs) in alveolar macrophages (5) , and a similar SSB induction is obtained when bronchioalveolar macrophages and tracheal epithelial cells of guinea pigs are exposed to 1.0 ppm 03 for 2 hr (6). Hanley et al. (5, 7) have suggested that ozone-degraded arachidonic acid (03-AA )-induced SSBs are primarily mediated by H202 and that nonaldehydic, non-hydrogen peroxide substances potentiate the H202-induced SSB effect. It has been shown that upon reaction with DNA, oxygen radicals produce more than 30 different adducts (8) and produce hundreds of different types of chemical changes in DNA that could give rise to mutagenic lesions (9) in a wide variety of cell systems (10) (11) (12) (13) (14) .
We have studied the human nasal respiratory epithelium chronically exposed to high ozone concentrations to determine the adaptative responses of this type of epithelium to environmental insults and, more importantly, to determine if these responses are active participants in a sequence of events that could eventually lead to overt malignancy (1) . Of particular interest to us has been the work of Lee (2) , indicating that DNA strand breaks appear to be a critical DNA lesion responsible for p53 induction in cells with wild-type p53 alleles exposed to DNA-damaging agents, has opened several research avenues for the study of pollutant-exposed human respiratory epithelia.
The aims of this study were 1) to investigate if children and young adults chronically exposed to a polluted urban atmosphere (Southwest Metropolitan Mexico City; SWMMC) with ozone as the main criteria pollutant have more DNA SSBs in their nasal respiratory epithelia, compared to control populations living in a low-polluted environment and 2) to study the kinetics of nasal cells SSBs induction and the nasal histopathology of a population of young, healthy males newly arrived to SWMMC and followed for 12 weeks. In this context, we also explored if there was a correlation between cumulative ozone concentrations and nasal SSB induction. [21] [22] [23] [24] [25] [26] [27] [28] [29] and daylight outdoor exposure of 11.6 ± 1.2 hr. Group 4 volunteers were enrolled at the same Security Corporation as group 1 and were residents in small towns across the country; they arrived at SWMMC the same day and were followed for a 12-week period. These subjects had never been to Mexico City or any major city, and the criteria for their inclusion in the study were 
Methods

Results
Air Quality Data Permanent residents of SWMMC have been recurrently exposed to ozone, the main criteria pollutant in the area. In the last 8 years, ozone concentrations at and above the current NAAQS for ozone (0.12 ppm as 1 hr maximum concentration, not to be exceeded more than once per year) have been recorded in SWMMC every day, an average of 3 ± 1.0 hr/day (18) . The number of hours SWMMC subjects are exposed to ozone above the NAAQS has been 740, 959 Table 2 shows the clinical features for control and exposed subjects. Nasal atrophy in children was a prominent finding, while in adults, group 3 showed the highest atrophy frequency. Epistaxis was present in variable degrees in all SWMMC subjects, but was particularly prominent in group 1. Nasal obstruction and nasal dryness were similar in all exposed groups; cough and thoracic pain were frequent complaints in children and were associated with exercise outdoors. Intermittent increased nasal mucus was a universal complaint in all exposed volunteers.
Group 4 subjects experienced nasal symptoms as early as 24 hr after arrival in SWMMC; epistaxis was an important complaint for the first 2 weeks of residency. Nasal mucus and nasal dryness along with thoracic pain were the most common symptoms after week 2 and up to the last study week.
For control adults and SWMMC group 1 subjects, we had access to the records of their daily diets for the previous 3 years. Subjects in group 4 had access to the same diet from the day they arrived in Mexico City. We computed the mean daily intake for 4 random periods of 1 week during the previous year as the primary unit of measurement. As seen in Table 2 8Categories of alcohol intake: I, less than one drink per month; II, one or more drinks per month, but less than one per day; Ill, one or more drinks per day, but less than three per day, and IV, three or more drinks per day. (Table 3) , with significant differences between control and exposed subjects (groups 1-3 p < 0.01; Fig.  1 ). Interestingly, groups 2 and 3 had similar Articles -Calder6n-Garciduenias et al. Nasal specimens placed in RPMI medium were evaluated by inverted light microscopy with special emphasis on ciliary motility. Control subjects had abundant cilia with strong, regular beating movements, whereas exposed subjects had only a few short cilia left, with weak and irregular beating. A cobblestone appearance was a common finding in the exposed samples; luminal cells had a cuboidal appearance with no visible cilia by light microscopy (Fig. 4A) . Some epithelial cells showed multiple blebs on their cytoplasmic surfaces; this observation was particulary prominent in the fresh nasal samples from exposed children.
An average of 2 mm of nasal epithelium was present in the 139 biopsies examined. In control subjects, normal mucociliary epithelium was present (Fig. 4B) ; exposed children for the most part had cohesive samples, where respiratory ciliary epithelium could still be identified (Fig. 4C) . Polymorphonuclear cells could be seen infiltrating the hyperplastic epithelium; in addition, the majority of the children's samples showed scattered single cells with compaction and segregation of the nuclear chromatin, intranuclear, sharply delinated, uniformly granular masses marginated against the nuclear envelope, and condensation of the cytoplasm (Fig. 4C,D) . Adult exposed biopsies showed, in addition, luminal necrotic cells characterized by a swollen cytoplasm and disintegrating plasma and organelle membranes; and squamous metaplastic epithelium completely substituted for the normal mucociliary cells (Fig. 4E) .
The sequential biopsies in the newly arrived subjects showed interesting changes. By week 1, there was already a complete loss of cilia, and the epithelial cells displayed large nucleoli and a finely vacuolated cytoplasm (Fig. 5A) . By week 2, a cobblestone appearance was evident, with apical accumulation of secretory granules (Fig. 5B ). An interesting finding at week 2 was the presence of small blood vessels within the epithelium (Fig. 5C ), the apparent result of neovascular proliferation, at a time when the subjects complained of epistaxis. Also at week 2, intercellular bridges were obvious, and there was a marked decrease in the number of goblet cells. Samples from weeks 4, 8, and 12 showed squamous metaplastic changes, mild to moderate nuclear pleomorphism, and large and often multiple nucleoli (Fig. SD) .
Discussion
The results of this study demostrate that exposure to a polluted urban atmosphere with high ozone concentrations induce the formation of DNA SSBs in the nasal respiratory epithelium of children and adults. Long-time SWMMC residents have a high proportion of nasal cells with SSBs, and SSBs in newly arrived young adults quickly increase during the first 2 weeks in the polluted environment. Oxidative stress from air pollution is an important mechanism of toxicity, if not the only one, in the human respiratory tract (19) . Ozone is a strong oxidizing agent that interacts with a wide variety of organic molecules to produce toxic free radical intermediates, initiate cascades of free radical reactions that damage genetic integrity, and at relatively high concentrations cause extensive DNA damage as reflected by strand breaks, DNA interstrand-crosslinks, and DNA-protein crosslinks (9, 10, (20) (21) (22) .
Hanley et al. (5) reported that 03-AA induced DNA SSBs in cultured human lung fibroblasts, the primary causative agent being hydrogen peroxide, and suggested that the nonaldehydic portion of 03-AA is responsible for potentiation of SSBs (7) . Human in H202 showed dose-dependent increases in strand break formation (3). DNA strand breaks are caused by cleavage of phosphodiester linkages in one of the polynucleotide chains; destruction of the deoxyribose ring can also result in ruptures of the deoxyribose-phosphate backbone. The presence of a DNA SSB causes localized denaturation and increases the probability of free radical attack at this site due to the loss of the protective effect of base-stacking interactions (23) .
Oxidants can produce direct DNA strand breaks and DNA damage that is processed into DNA strand breaks by cellular repair enzymes (24) . DNA strand breaks activate the chromosomal enzyme poly(ADP-ribose)polymerase to use NAD for the production of poly(ADP-ribose), which in turn facilitates the DNA repair process. At low levels of DNA damage, synthesis of the polymer facilitates the DNA repair process, but when the DNA damage is severe and persists for long periods, there is consumption of the substrate NAD and drastic alterations in cellular metabolism, and ultimately the cells may undergo swelling and degeneration within several hours of sustaining DNA damage (25) .
The persistence of DNA damage may transmit signals to other cellular components including p53 (11) . Agents that rapidly induce DNA strand breaks rapidly trigger p53 protein elevations. Nelson and Kastan (2) reported that DNA strand breaks are sufficient and probably necessary for p53 induction in cells with wild-type p53 alleles exposed to DNA-damaging agents. This finding is extremely relevant to oxidantinduced damage to the nasal mucosa because p53 wild-type protein accumulates to high levels within nasal squamous metaplastic cells of SWMMC-exposed subjects (LC-G, personal observation).
Major functions of wild-type p53 protein include the regulation of a G1-S cell cycle check-point and the mediation of apoptosis (26) (27) (28) (29) (30) Volume 104, Number 2, February 1996 * Environmental Health Perspectivesregard is the severe nasal damage present in the exposed adult group with a poor intake of vegetables and fruits as compared with a similarly exposed group with a balanced diet rich in these nutrients. Moreover, the newly arrived subjects to SWMMC were given the same balanced diet, and, although they had DNA damage, the damage did not reach the severity of the subjects eating a poor diet. Although the focus of this paper was not primarily to study the influence of a properly balanced diet upon air pollutant damage in the respiratory tract, it is obvious that a diet rich in selected vegetables and fruits has a protective effect, a subject that deserves further investigation in chronically ozone-exposed populations.
It is well established that angiogenesis is an important factor in normal wound healing and in the process of carcinogenesis (37, 38) . Induction of angiogenesis has been shown in the transition from hyperplasia to neoplasia in experimental animals (39) . Proliferating capillaries were seen within the nasal epithelium of volunteers as early as 2 weeks after arrival in the city; previous work in our laboratory has shown proliferation of thin vascular submucosal channels as well as capillaries within the basement membrane or projecting toward the epithelium in SWMMC residents with <30 and >60 days in the city (40) , and many of these subjects had recurrent episodes of epistaxis. Laniado-Schwartman et al. (41) demostrated that an arachidonic acid metabolite, 12(R)-hydroxyeicosatrienoic acid, is an angiogenic factor in microvessel endothelial cells. Dameron et al. (42) showed that the switch to the angiogenic phenotype by fibroblasts obtained from Li-Fraumeni patients coincided with the loss of the wild-type allele of the p53 gene and was the result of reduced expression of thrombospondin-1. It remains to be seen what role the different angiogenic factors play in the ozoneexposed respiratory epithelium of both experimental animals and in humans.
Another aspect of this study was the use of the sum of all hourly average 03 concentrations > 0.06 ppm (SUM06) as a measurement of ozone exposure, instead of only considering the number of hours at or above the NAAQS or the maximum peak concentrations. We believe that the use of a cumulative exposure index over an extended period of time is an appropiate approach to link cause-and-effect relationships between ozone and human health. In our population, exposed several hours a day to high ozone concentrations, the issue is probably not that crucial; however, in populations exposed fewer hours or to lower ozone concentrations, additional attention should be given to exposures that accumulate over time.
In closing, it should be emphasized that the human nasal respiratory epithelium responses to inhaled pollutants are very complex and studies like this one have obvious limitations because of the heterogeneous study population, the differences in nutritional intake and outdoor exposure patterns, and the lack of personal ozone passive samplers to estimate ozone exposures accurately. However, the results of this study do indicate that SSBs in human nasal respiratory epithelium are induced upon exposure to a polluted urban environment. The finding that DNA strand breaks are sufficient to trigger p53 induction and the suggestion that strand breaks predispose to genomic alterations associated with neoplastic transformation and progression (2, (26) (27) (28) (29) (30) 43) suggests that we should identify in these highly ozoneexposed populations the presence of cellcycle alterations and/or apoptotic cell death pathways, as well as the expression of other proto-oncogenes in the respiratory epithelium. This knowledge could prove useful in formulating strategies to reduce the incidence of DNA damage in pollutionexposed populations, especially children and outdoor workers. This will not prove trivial since millions of people are exposed to low ozone levels for several hours a day, even though the current hourly ozone standard may not be exceeded.
